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EXPERIMENTAL  INVESTIGATION  OP  HIGH  PERFORMANCE , 

SHORT,  THRUST  AUGMENTING  EJECTORS 

Tah-teh  Yang,  Francois  Htone,  and  Jiang  Tong 
Mechanical  Engineering  Department,  Cismson  Uni varsity 
Clawson,  South  Carolina 

ABSTRACT 

Results  of  an  experimental  investigation  concerning  the  design  and 
testing  of  air-to-air  thrust  augmenting  ejectors  utilising  short 
curved-well  diffusers  are  presented.  These  ejectors  were  designed 
primarily  according  to  tha  procedure  established  In  an  analytical  research 
nffort  sponsored  by  DTNSRDC  from  1980-1981.  Two  of  the  three  ejectors 
tested  have  Identical  mixing  chambers.  The  mixing  chamber  Inlet  area  to 
the  primary  nozzle  area  rat;o  X  was  40.  The  overall  ejector 
langth-to-mixing  chamber  diameter  ratios  (VD)overall  were  8.09  end  6.16; 
diffuser  area  ratios  (AR>diff  were  1.33  end  1.46,  respectively.  The  third 
ejector  had  an  (L/D)Qveral jof  6.02,  e  X  of  20  and  an  (AR)dlffof  1.26. 

The  best  observed  thrust  augmentation  ratio  ♦  and  the  modified  thrust 
augmentation  ratio  $2  were  2.11  end  1.91  respectively  for  e  sonic  primary 
jet.  The  modified  thrust  augmentation  ratio  accounts  for  the  penalty  of 
suction  In  preventing  flow  separation  In  the  diffuser.  These  levels  of 
thrust  ratio  were  derived  from  velocity  measurements  at  the  ejector  exit. 
Independent  thrust  measurements  obtained  with  strain  gages  on  the  mixing 
chamber  agree  with  the  force  calculated  from  the  momentum  data.  The 
experimentally  observed  ejector  performance  data  correlate  well  with  the 
predicted  valuer. 
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T.  C.  Tai  (DTNSRDC  1606). 
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INTRODUCTION 


Background 

Ths  use  of  a  Jst  ajactor  for  augmenting  thrust  offara  a  solution  to 
•oat  critical  problem  araas  in  tha  daai|o  of  vartical/ahort  takaoff  and 
landing  (V/STOL)  propulsion  ayataaa.  Tha  banaflt  of  using  ejectors, 
however,  is  seriously  offaat  by  tha  complexities.  Tha  critaria  for  uaing 
such  a  thrust  system  ara:  (1)  Tha  syataa  At  at  ba  abort  anough  to  aaticfy 
space  and  limitations,  and  (2)  it  oust  provide  high  thrust  augaantation  to 
yiald  a  substantial  nat  gain  in  a  practical  application. 

In  1972  an  exploratory  experiment  was  conducted  by  Yang  and  Bl- 
Neeher1*  at  Clems on  University  to  examine  tha  Impact  of  a  highly 
effective,  short  diffuser  on  tha  flow  entrainment  of  an  ajactor.  Two 
ejectors  ware  used  in  that  preliminary  study.  Geometrically »  tha  overall 
length- to-dlameter  ratios  (L/D)ovar4llof  tested  ejectors  ware  4.9  and 
6.S,  and  both  had  a  contraction  at  tha  mixing  chamber  exit  (tha  diffuser 
inlet).  Steam  was  used  as  tha  primary  flow;  ambient  air  was  the  entrained 
secondary  flow.  The  necessary  boundary  layer  control  for  tha  short 
diffuser  was  accomplished  with  a  centrifugal  pump.  Ho  data  ware  taken  to 
determine  the  boundary  layer  auction  flow  rate  and  the  power  consumption  of 
the  suction  pump.  Tha  pressure  readings  and  velocity  traverses,  however, 
provided  enough  Information  to  determine  the  mass  ratios.  Tha  mass  ratios 
of  these  ejectors  were  several  times  higher  than  those  of  conventional 
ejectors.  Based  on  the  conventional  definition  of  4,  the  thrust 
augmentation  ratio  (not  strictly  applicable  for  these  ejectors)  was 
calculated  from  the  pressure  and  velocity  measurements.  A  surprisingly 
high  maximum  $  value  of  2.81  was  obtained. 

In  1973  a  set  of  experiments  was  conducted  at  Clemson  by  Trlpathi2 
to  repeat  the  experiments  of  Yang  and  El-Nasher.*  The  previously 
obtained  mass  ratio  data  were  confirmed.  These  ejector  experiments, 
however,  did  not  go  much  beyond  duplication  of  the  1972  experiments. 

A  reduction  in  $  value  should  be  expected  when  air  is  used  as  the 
primary  flow  instead  of  steam.  A  further  reduction  should  be  expected  in  a 
properly  defined  thrust  augmentation  ratio  to  account  for  the  energy 
required  in  boundary  layer  suction.  Nevertheless ,  the  compactness  of  the 
ejector  and  high  expected  values  of  the  augmentation  ratio  present  an 
attractive  design  alternative. 


*A  complete  listlug  of  references  is  given  on  page  61. 


2 


Recent  Results 


An  analytical  study  mi  conducted  in  1980  under  •  research  contract 
with  DTNSRDC3  to  establish: 

1.  A  method  to  verify  the  observed  ejector  data  reported  In  Reference 
l,  particularly  the  high  mass  ratio. 

2*  A  design  procedure  for  short  effective  ejectors  by  Incorporating 
the  short,  curved-wall  dlffuaera  with  the  ejector  mixing  chamber  design 
developed  by  Tal*  at  DTNSRDC .  In  this  analytical  Investigation,  an 
auxiliary  ejector  was  used  to  provide  the  necessary  boundary  layer  control 
Instead  of  a  pump  for  suction;  therefore  a  self  contained,  compact  ejector 
was  modeled. 

Based  on  the  analytical  results  of  Tang  and  Ntone,^  the  mess  ratios 
derived  from  the  1972  experimental  data  are  obtainable.  Furthermore,  an 
air-to-air  ejector  with  an  (L/D)overalp f  less  than  5,  which  provides  an 
effective  augmentation  ratio  $2  above  2.0,  appears  feasible.  The  effective 
augmentation  ratio  is  defined  in  such  a  way  that  the  Inlet  momentum  of  the 
primary  air  used  In  the  auxiliary  ejector  as  well  as  the  thrust 
contribution  of  the  auxiliary  ejector  are  properly  taken  into  account. 

This  level  of  thrust  augmentation  ratio  can  be  reached  provided 
the  mass  ratio  of  the  primary  and  auxiliary  ejectors  can  be  maintained 
suitably  high  and  the  boundary  layer  suction  flow  requirement  can  be  held 
suitably  low. 

The  overall  length-to-diameter  ratio  of  the  ejector  is  determined  im¬ 
plicitly  through  use  of  the  required  mass  flow  ratio  of  the  primary  ejector 
to  mixing  chamber  flow.  Use  of  a  Griffith-type,  short,  curved-wall 
diffuser, ^  coupled  with  the  DTNSRTC  design  program,  offers  a  significant 
improvement  in  (L/D)QVera^  over  that  obtained  with  the  conventional  dif¬ 
fuser.  A  reduction  in  (L/D)overa^£>f  30  t0  30  percent  appears  to  be  feasi¬ 
ble. 

Objective 

The  purpose  of  the  present  work  is  to  examine  experimentally  the 
validity  of  the  ejector  design  procedure  proposed  by  Yang  and  Ntone^  and 
the  values  of  thrust  augmentation  ratio  of  ejectors  using  short,  curved- 
wall  diffusers  with  mixing  chamber  inlet  area  to  primary  nozzle  area  ratios 
of  20  and  40. 
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EJECTOR  DESIGN 


An  analytical  procadura  vac  developed  to  predict  the  thruet  augmenta¬ 
tion  ratio  of  an  ejector  utiliaing  a  abort ,  curved-wall  diffuser.3  Thia 
procedure  enabled  the  preaaure  diatribution  to  be  examined  along  the  aolid 
wall  of  the  diffueer,  thua  allowing  thw  dealgn  of  a  abort,  curved-wall 
diffuaer  with  no  flow  aeparatlon.  By  thia  procedure,  the  predicted  ejector 
performance  could  be  obatined. 

Figure  1  ahowa  the  aajor  atapa  in  analysing  an  axiayametrical  ejector 
with  a  short,  curved-wall  diffueer.  The  mixing  chamber  ia  shaped  like  a 
circular  pipe  which  may  have  a  contraction  toward  the  end  of  the  mixing 
chamber.  To  initiate  the  analysis,  the  area  ratio  of  the  primary  noasle  to 
the  mixing  chamber  inlet  and  the  ratio  of  the  mixing  chamber  length  to  its 
diameter  (L/D)  are  specified.  The  diffuser  length  usually  is  restricted  to 
about  one  exit  diameter  of  the  diffuaer.  In  additon,  the  static  pressure 
at  the  mixing  chamber  inlet  and  stagnation  pressure  of  the  primary  air  are 
also  specified.  Both  the  entrained  secondary  flow  from  the  stagnant 
ambient  and  the  primary  flow  within  the  noasle  are  laentroplc  up  to  the 
mixing  chamber  inlet.  Specifying  the  static  preaaure  at  the  mixing  chamber 
inlet,  in  fact,  implies  specifying  the  ratio  of  the  secondary  mass  flow  to 
the  primary  mass  flow.  Starting  from  the  inlet,  heat  and  momentum 
transfers  were  allowed  between  the  primary  flow  and  the  entrained  secondary 
flow. 

The  first  step  in  the  analysis  is  to  specify  the  mixing  chamber 
geometry  by  a  selected  dimensional  value  of  C  in  the  radius  distribution 
equation  of  Figure  1  along  with  other  mixing  chamber  geometric  parameters. 
In  step  two,  the  DTNSRDC  ejector  program^  is  used  to  compute  velocity  and 
temperature  profiles  and  pressure  values  up  to  the  exit  of  the  mixing 
chamber.  Governing  equations  for  the  flow  are  of  the  boundary  layer  type; 
therefore,  pressure  variations  only  exist  along  the  flow  directions  and  not 
across  the  streamline1;. 

In  the  third  step,  the  mass-averaged  flow  velocity  and  temperature  are 
computed.  In  the  fourth  step,  one-dimensional,  compressible  isentropic 
flow  is  assumed  in  determining  the  necessary  area  ratio  to  yield  the 
diffuser  exit  pressure  at  the  atmospheric  level  (or  the  ambient  level). 

For  other  computations  in  this  step,  inviscld  incompressible  axisymmetrlc 
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flow  Is  assumed  within  the  diffuser.  As  long  as  the  flow  along  the  solid 
wall  is  maintained  without  deceleration,  the  inviscid  flow  approximation 
can  be  justified,  dnder  the  framework  of  this  approximation  the  vorticity 
of  the  flow  is  assumed  constant  everywhere  in  the  diffuser.  The  Clemson 
Inverse  Design  Program®  is  used  to  obtain  the  geometry  of  the  short, 
curved-wall  diffuser  for  a  specified  area  ratio  at  a  length  approximately 
equal  to  one  exit  diameter.  This  length  specification  is  somewhat 
arbitrary,  yet  experience  suggests  that  it  should  not  be  difficult  to 
achieve . 

Immediately  after  the  determination  of  the  diffuser  geometry,  a  com¬ 
puter  program  is  used  in  step  4  to  examine  the  velocity  distribution  along 
the  diffuser  wall.  It  is  essential  that  there  be  no  deceleration  along  the 
solid  diffuser  wall.  When  necessary,  the  input  for  the  Inverse  Design 
Program  is  revised  to  generate  a  new  diffuser  geometry.  This  process  is 
repeated  until  there  is  no  deceleration  along  the  diffuser  wall.  It  is 
sometimes  necessary  to  revise  the  analysis  from  the  very  first  step  where 
the  mixing  chamber  inlet  pressure  is  specified.  An  Increase  of  the  static 
pressure  at  the  inlet  implies  a  reduction  in  mass  ratio  and,  therefore,  a 
reduction  in  diffuser  area  ratio.  Usually,  this  revision  can  eliminate  the 
problem  of  deceleration  along  the  solid  wall.  For  a  configuration  with  no 
deceleration,  no  flow  separation  will  take  place.  It  Is  recommended  that 
the  velocity  from  the  diffuser  inlet  to  the  suction  slot  be  kept  slightly 
accelerated. 

The  fifth  step  Is  to  estimate  the  amount  of  fluid  to  be  removed  for 
boundary  layer  control.  For  this  purpose,  it  is  necessary  to  know  the 
boundary  layer  profile  immediately  upstream  of  the  suction  slot.  It  is 
reasonable  to  assume  that  this  profile  is  the  same  as  that  at  the  exit  of 
the  mixing  chamber.  By  using  this  profile,  the  critical  velocity  deter¬ 
mined  by  Taylor's  criterion  can  be  calculated,  and  the  rate  of  boundary 
layer  removal  can  then  be  determined. 

In  ste:-  6,  the  modified  thrust  augmentation  ratio ^  is  computed.  The 
consideration  of  the  mass  flow  of  the  primary  fluid  used  in  the  auxiliary 
ejectors  which  provide  the  necessary  boundary  layer  control  and  the  thrust 
contribution  from  the  discharge  of  the  boundary  layer  removal  are  included 
in  the  definition  of  <{i  .  A  one-dimensional  compressible  flow  analysis, 
which  assumes  the  mass  ratios  of  the  primary  and  auxiliary  ejectors  and 
computes  the  mass  averaged  velocity  at  various  parts  of  the  ejector  and  the 
momentum  terras  at  the  ejector  exit,  yields  the  thrust  augmentation  ratio 

ll)2* 
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In  step  3,  the  velocity  across  the  mixing  chamber  exit  has  been 
computed,  and  in  step  4  an  inviacid  shear  flow  with  constant  vorticity 
within  the  diffuser  has  been  approximated.  Therefore,  the  velocity  across 
the  diffuser  exit  can  be  readily  determined.  The  last  step,  Step  7,  is  to 
correct  the  $2  value  by  using  the  known  velocity  distribution  across  the 
diffuser  exit. 

In  the  present  study,  an  ejector  was  first  fabricated  based  on  the  de¬ 
sign  using  the  approximation  of  constant  vorticity  in  the  diffuser  for 
"rotational  flow  calculation."  It  was  found  that  this  ejector  could  not  be 
operated  without  flow  separation.  A  refined  analytical  procedure  which 
requires  no  constant  vorticity  approximation  was  subsequently  devised. 
Results  of  the  refined  analysis  indicate  that  the  flow  reversal  within  the 
first  ejector  was  inevitable  regardless  of  the  amount  of  flow  removal  for 
boundary  layer  control.  This  flow  reversal  phenomenon,  "lnvlscld  flow 
reversal,"  is  a  consequence  of  the  continuity  equation  and  the  vorticity 
equation  requirements.  The  allowable  area  ratio  of  the  diffuser  without 
flow  reversal  obtained  using  refined  analytical  procedures  is  much  smaller 
than  that  resulting  from  a  constant  vorticity  analysis.  An  outline  of  the 
"refined  rotational  flow  calculation"  is  presented  in  Appendix  A. 

SCOPS  OF  EXPERIMENTAL  INVESTIGATION 

Three  ejectors  were  designed,  fabricated,  and  tested.  The  design  pro¬ 
cedure,^  was  refined  to  allow  the  vorticity  to  vary  within  the  diffuser 
instead  of  setting  the  term  (u>  •  V)u  ■  0,  as  was  approximated  in  Reference 
3.  Ejector  performance  testing  was  carried  out  after  the  mixing  chambers 
and  the  auxiliary  ejectors  were  improved.  The  exit  vorticity  at  the  mixing 
chamber,  or  the  inlet  vorticity  at  the  diffuser,  was  measured  for  each 
ejector  and  compared  with  the  analytical  predictions.  The  ducting 
arrangement  of  the  auxiliary  ejector  and  the  nozzle  size  of  the  auxiliary 
ejectors  were  optimized.  A  single-jet,  converging  nozzle  having  a  diameter 
of  0.448  in.  was  used  as  the  primary  jet  for  tests  at  five  nozzle  plenum 
pressure  levels  with  four  or  five  boundary  layer  suction  rates.  An 
eight-jet  converging  nozzle  of  the  same  area  was  used  to  repeat  more  than 
one-half  of  the  test  runs  of  the  single  jet  nozzle.  These  tests  were 
performed  to  determine  experimentally: 
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1.  Mass  ratio  MR  of  the  entrained  secondary  flow  to  the  primary 
flow  of  the  ejector. 

2.  Mass  ratio  (MR)aU3t  of  the  auxiliary  ejector. 

3.  Thrust  of  the  mixing  chamber , 

4.  Momentum  of  the  flow  at  the  exits  of  the  ejector  and  the  aux¬ 
iliary  ejector. 

5.  ($2  a®  a  function  of  the  primary  nozzle  plenum  chamber 

pressure  at  various  levels  of  boundary  layer  removal. 

TEST  MODELS,  FACILITIES,  AND  MEASUREMENTS 

Ejector  Geometry 

Figure  2  shows  the  geometry  of  the  first  ejector  designed  without  the 
benefit  of  the  "refined  rotational  flow  calculation"  analysis.  It  has  a  X 
value  of  40,  a  mixing  chamber  (L/D)  of  4.0,  and  a  diffuser  area  ratio  of 
2.2.  The  modified  thrust  augmentation  ratio  was  projected  to  be  1.50. 
This  ejector  did  not  operate  satisfactorily.  In  particular,  there  was 
difficulty  in  getting  a  reliable  mass  balance  because  of  flow  separation  in 
the  diffuser. 

Figure  3  shows  an  ejector  which  has  a  X  value  of  40,  a  mixing  chamber 
of  4.82  (L/D),  and  a  diffuser  area  ratio  of  1.33.  The  diffuser  of  this 
ejector  can  be  changed  to  an  area  ratio  of  1.46  by  changing  the  curved-wall 
inserts  to  thus  form  a  new  ejector  but  with  the  same  mixing  chamber  and  X 
value . 

An  ejector  with  a  X  value  of  20,  a  mixing  chamber  length-to-diameter 
ratio  of  4.75,  and  a  diffuser  area  ratio  of  1.26  is  shown  as  Figure  4. 
Systematical  tests  were  conducted  to  determine  the  effective  thrust 
augmentation  ratio  $2  f°r  these  three  ejectors  (diffuser  area  ratios  1.26, 
1.33  and  1.46).  Two  types  of  primary  nozzles,  single-jet  and  multiple-jet, 
were  used.  They  are  shown  in  Figures  5  and  6,  respectively. 

For  auxiliary  ejectors,  a  multiple-nozzle  (16)  annular  auxiliary 
ejector  was  used  on  the  first  ejector  having  a  diffuser  area  ratio  of  2.2; 
see  Figure  7.  Although  this  design  concept  was  discontinued  because 
initial  experimental  results  were  unfavorable,  it  continues  to  be  an 
attractive  design  for  its  compactness  and  is  worthy  of  further  study. 
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Figure  8  shows  the  auxiliary  ejector  used  In  the  ejector  performance 
testing.  The  ejector  Is  of  a  conventional  design,  and  the  primary  nossle 
size  was  optimized  for  the  operational  conditions  of  the  main  ejectors. 

Test  Facility 

Figure  9  is  a  schematic  of  the  test  setup.  Figure  10  shows  the 
ejector  performance  test  setup.  The  compressed  air  used  as  the  primary 
fluid  for  the  ejector  and  for  the  auxiliary  ejector  was  supplied  by  an 
oil-leas  ESH  Ingersoll-Rand  compressor,  which  has  a  maximum  capacity  of  204 
ACFM  at  90  psig.  The  compressed  air  was  cooled  using  an  aftercooler  and 
then  routed  to  a  3-f t-diameter  8-ft-high  surge  tank.  From  there  the  air 
was  delivered  through  a  2-in.  pipeline  to  the  laboratory.  A  gate  valve  was 
used  to  control  the  air  flow  into  the  test  loop.  A  Fisher  model  95L  (10-30 
psig)  or  model  95H  (2S-7S  psig)  regulator  was  used  to  regulate  the  pressure 
of  the  primary  flow  for  the  ejector  nozzle.  A  Cox  turbine  flowmeter  was 
installed  downstream  of  the  pressure  regulator,  and  an  electrical 
resistance  heater  (rated  5.6  kW  and  controlled  by  a  voltage  regulator)  was 
placed  downstream  of  the  flowmeter.  A  flexible  metal  hoae  was  used  to 
connect  the  heater  and  the  converging  nozzle  plenum.  In  the  ether  branch 
of  the  test  loop,  compressed  air  was  supplied  to  a  converging  nozzle  of  the 
auxiliary  ejector.  A  Norgren  model  R-l 7-800  regulator  was  used  upstream  of 
a  Meriam  laminar  flow  element.  The  latter  was  used  to  meter  the  primary 
flow  rate  of  the  auxiliary  ejector. 

The  primary  nozzle  and  the  mixing  chamber  of  the  test  ejector  were 
mounted  on  an  alignment  device  to  ensure  that  the  centerlines  of  the 
primary  nozzle  and  mixing  chamber  were  exactly  aligned.  A  set  of  eight 
sliding  ball  bearings  were  used  to  allow  the  mixing  chamber  to  move  freely 
in  the  axial  direction.  A  force  measuring  device,  utilizing  a  set  of 
strain  gages,  was  mounted  rigidly  on  the  mixing  chamber  to  provide  a  direct 
measurement  of  the  thrust  force  on  the  mixing  chamber.  The  mixing  chamber 
and  the  diffuser  were  assembled  together  as  one  integral  part  which  moves 
freely  relative  to  the  alignment  rig.  The  alignment  rig  was  mounted  firmly 
on  a  stationary  supporting  stand.  The  curved  wall  diffuser  insert 
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downstream  of  the  suction  slot  could  b«  adjusted  ralatlva  to  tha  upstraam 
Insert  to  vary  tha  slot  sisa  or  tha  gap  between  the  Inserts.  Four  suction 
ports  wars  provided,  and  a  featherweight  flexible  hose  was  used  to 
construct  the  manifold  which  la'  to  the  inlet  of  the  auxiliary  ejector. 

The  primary  jet,  the  mixing  chamber,  and  the  diffuser  of  the  auxiliary 
ejector  were  all  firmly  mounted  to  the  stationary  stand.  The  featherweight 
flexible  hose  minimised  errors  in  the  thrust  force  msasuresMnt  on  the 
mixing  chamber  of  the  ejector. 

Instrumentation  and  Measurements 

Instruments  were  uaad  in  the  test  for  pressure,  momentum,  mass  flow 
rates,  and  force  measurements  at  various  locations  of  the  loop.  First  the 
ambient  temperature  and  pressure  ware  measured  using  a  mercury  thermometer 
and  a  mercury  well-type  barometer,  respectively.  Temperature  measurements 
were  made  with  iron-constant  thermocouples,  a  multi-point  selector  model 
40SA  and  a  digital  readout  Trendicator,  both  by  Omega  Instrument  Company. 
The  following  were  used  fo  provide  pressure  data:  one  90-ln.  U-tube , 
mercury  manometer;  one  10-*tube,  60-ln.  mercury  manometer  bank;  one  20-tube, 
60-in.  water  manometer;  one  Edcliff  model  4-500  differential  pressure 
transducer  having  a  range  of  0-1  paid;  and  one  Validyne  model  D-7-D  differ¬ 
ential  pressure  transducer  with  carrier  demodulator  model  CD10  for  a  range 
of  0-10  psid  along  with  a  48-channel  scanning-valve  device.  The  output  of 
the  transducers  was  displayed  on  a  digital  voltmeter  manufactured  by 
Nationwide  Electronic  Systems  Inc.  Concurrently,  the  output  signal  was  fed 
through  a  laboratory  fabricated  signal  conditioner  to  a  Western  Union  Data 
Service  Co.  teletype  which  provided  a  hard  copy  for  the  pressure  data  and  a 
coded  paper  tape  for  subsequent  computer  data  reduction.  The  mass  flow 
rates  of  the  primary  flow  of  the  ejector  were  measured  upstream  of  the  con¬ 
verging  nozzle  using  a  Cox  turbine  meter,  model  AN  GL32,  and  a  Hewlett- 
Packard  5326B  counter. 

Hass  flow  rates  at  the  nozzle  were  determined  from  local  plenum 
chamber  pressure  and  temperature  measurements.  The  mass  flow  rates  of  the 
primary  flow  for  the  auxiliary  ejector  were  neasured  upstream  by  using  a 
Meriam  laminar  flow  element  and  the  plenum  pressure  and  temperature 
measurements.  A  United  Sensor  Kiel-probe  and  a  miniature  Kiel-probe  of  the 
same  make  were  used  to  determine  the  mass  flow  rates  at  the  exits  of  the 
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ejector  and  the  auxiliary  ejector ,  respectively.  Each  of  the  Rial-probee 
was  connected  to  a  channel  of  the  scanning  valve.  Each  probe  haa  a  holder 
uountad  on  a  transverse  bar  with  a  custom  made  scale  for  each  tested 
ejector  and  auxiliary  ejector  for  rapid  10-polnt  traversing  across  the 
exit. 

The  static  pressure  of  the  ejectors  was  also  traversed  by  using  a 
United  Sensor  pitot-static  probe,  A  similar  probe  holder  and  traversing 
scale  was  provided  for  this  also.  These  traverses  provided  both  seas  flow 
rate  and  the  momentum  fluxes  at  the  exits  of  the  ejector  and  the  auxiliary 
ejector.  Indirect  measurements  of  entrained  secondary  mass  flow  rates  were 
obtained  by  traversing  at  the  exit  of  the  mixing  chamber  of  the  ejector 
during  the  components  testing.  During  several  test  runs  mass  flow  rates 
were  determined  by  two  independent  data  sources  for  verification.  In  the 
earlier  part  of  the  project.  Micro-measurements  type  EA-13-124AC  strain 
gages  were  used  as  sensors  and  a  SR-4  strain  Indicator  type  N  manufactured 
by  Baldwin  Lima  Hamilton  Company  was  used  for  readout  of  the  thrust  force 
on  the  mixing  chamber.  Later,  an  Indicator  of  higher  resolution 
(VISHAY/ELLIS-20)  became  available  and  was  used  for  the  X  ■  20  single-jet 
test  series.  The  thrust  force  measurement  provided  an  independent  data 
source  to  check  the  value  of  exit  momentum  derived  from  the  Klel-probe 
measurements . 


TEST  CONDITIONS  AND  PROCEDURE 


Test  Conditions 

After  much  effort  in  the  preliminary  test  runs,  three  ejectors  (two 
with  X  equal  to  40  and  diffuser  area  ratios  of  1.46  and  1.33  and  one  with 
X  equal  to  20  and  a  diffuser  area  ratio  of  1.26)  were  successfully  operated 
without  flow  separation  in  their  diffuser  sections.  These  ejectors  were 
systematically  tested.  Table  1  lists  the  test  parameters  and  performance 
characteristics  for  these  ejectors.  The  plenum  pressure  of  each  ejector 
was  set  at  five  levels  (10,  17.4,  23.2,  29.0,  and  35.5  pslg,  10  psig  being 
the  design  value).  The  ambient  static  and  also  the  stagnation  pressure  was 
approximately  14.5  psia  which  resulted  in  pressure  ratios  of  the  stagnation 
pressures  of  1.67,  2.21,  2.61,  3.02,  and  3.47.  The  plenum  pressure  of  the 
primary  flow  of  the  auxiliary  ejector  was  selected  at  five  levels  (7.5,  10, 
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12.5,  15,  and  17.5  paig)  for  ajactor  primary  flow  planum  praaauraa  of  10, 
17.4,  and  23*2  paig.  Tha  auxiliary  planum  praaaura  waa  aalactad  at  four 
levela  (12.5,  15,  17.5,  and  20  paig)  at  primary  flow  planum  praaauraa  of 
29.0  and  35.5  paig.  Tha  tamparatura  of  tha  primary  air  of  tha  ajactor  waa 
elevated  to  164°F  by  paaalng  the  air  through  a  6-in.  pipe  containing 
auapandad  electrical  heating  elements.  Tha  heated  air  expanded  through  a 
converging  nossla  to  reach  a  static  temperature  of  about  80*F,  or 
approximately  tha  static  temperature  of  the  entrained  secondary  fluid. 

The  gap  between  the  two  curved-wall  sections  of  the  diffuser  was 
adjusted  to  yield  a  maximum  vacuum  of  the  ilrst  mixing  chamber  static 
pressure  reading.  Although  no  exact  site  was  recorded,  the  gap  was  between 
1/4  and  3/16  in.  for  all  ejectors  tested. 

Test  Procedures 

Ejector  component  test  rigs  (Figures  11  and  12)  were  designed  to 
obtain  flow  velocity  profiles  at  the  mixing  chamber  exit  and  to  obtain  the 
performance  of  the  auxiliary  ejector.  These  rigs  were  operated  at  a 
simulated  diffuser  condition  with  no  flow  separation  In  the  diffuser.  In 
the  early  stage  of  the  project,  the  first  ejector  having  A  equal  to  40 
(using  an  approximated  rotational  flow  analysis)  had  a  diffuser  area  ratio 
of  2.20.  This  area  ratio  was  too  large  for  the  diffuser  inlet  vortlclty, 
and  flaw  separation  persisted  in  the  diffuser.  With  the  refined  rotational 
flow  analysis,  a  new  ejector  was  designed  to  have  an  area  ratio  of  1.64; 
this  area  ratio  was  still  too  large.  The  computed  vortlclty  obtained  from 
the  DTNSRDC  computer  program  used  in  the  rotational  flow  analysis  was  lower 
than  the  value  derived  from  the  measured  velocity  at  low  pressure  ratios  of 
the  stagnation  pressures.  Until  the  diffuser  area  ratio  was  reduced  to 
1.46,  flow  separation  within  the  diffuser  persisted.  Considerable  effort 
was  required  to  eliminate  flow  separation  in  the  short,  curved-wall 
diffuser,  and  this  was  achieved  largely  on  <.he  ejector  performance  test 
stand  rather  by  component  testing. 

The  mixing  chamber  length  for  a  \  of  40  was  also  reduced  from  15.5  to 
13.5  in.  on  the  ejector  performance  test  stand.  The  first  mixing  chamber 
wall  static  pressure  tap  was  used  to  monitor  the  flow  rate  of  the  entrained 
secondary  flow,  and  tufts  attached  at  the  diffuser  exit  were  used  as 
Indicators  for  flow  attachment.  In  this  length  reduction  process,  no 
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secondary  flow  reduction  was  detected  In  the  first  one  inch  trimming.  A 
reduction  of  0.2  in  wster  was  obaarved  In  the  wall  static  pressure  reading 
when  the  length  was  reduced  to  13.5  in.  No  flow  separation  was  indicated 
by  the  tufts.  This  process  was  carried  out  at  a  planus  pressure  of  10  psig 
for  the  primary  flow  of  the  ejector. 

The  preliminary  test  for  the  auxiliary  ejector  went  through  several 
design  concepts.  First,  a  16-nossla  annular  ejector  with  only  the  nixing 
chamber  was  tested.  An  annular  diffuser  was  later  added  to  the  exit  of  the 
mixing  chamber.  Three  seta  of  nossla  lengths  were  used  to  regulate  the 
nosxle  exit  position  relatlvs  to  tha  entrained  flow  inlet.  The  annular 
auxiliary  ejector  effort  was  conducted  using  an  ejector  diffuser  with  an 
area  ratio  of  2.20.  As  satisfactory  results  were  observed,  an  auxiliary 
ejector  with  a  cylindrical  mixing  chamber  and  a  long  conical  diffuser  was 
used.  The  exit  diameter  of  the  converging  nossle  of  the  cylindrical 
auxiliary  ejector  was  optimised  to  yield  a  maximum  mass  ratio  for  the 
ejector  operating  at  a  primary  plenum  pressure  PQ  of  10  ps:g. 

When  the  preliminary  testa  were  completed,  systematic  test  runs 
comaanced.  For  each  test  run  the  plenum  pressure  levels  for  the  primary 
and  auxiliary  ejectors  were  adjusted  to  tha  preselected  values  via  pressure 
regulators  and  monitored  by  manometers.  The  plenum  temperature  of  the 
primary  air  of  the  main  ejector  was  regulated  to  yield  a  preselected 
temperature  by  adjusting  the  voltage  regulator  of  the  electrical  heater.  A 
miniature  Kiel -probe  was  used  to  traverse  the  auxiliary  ejector  exit.  A 
Kiel -probe  and  a  static  pressure  probe  were  used  to  traverse  the  main 
ejector  exit.  A  10-point  method  wes  used  for  traversing  the  entire 
diameter  yielding  20  stations  for  both  stagnation  and  static  pressure 
readings.  These  pressure  readings  and  the  wall  pressure  readings  of  the 
mixing  chambers  and  the  diffusers  were  recorded  either  via  pressure 
transducer-scanning  valve  to  teletype  arrangement  or  pressure  transducer¬ 
scanning  valve  to  an  Apple  computer  for  data  reduction.  Strain  gage  output 
was  read  as  a  direct  measurement  of  the  force  on  the  mixing  chamber. 
Normally,  30  to  A0  minutes  was  required  to  complete  one  test  run*  Care  was 
exercised  to  ensure  that  the  pressure  levels  of  the  primary  flows,  the 
temperature  of  the  heated  air,  and  the  strain  gage  output  readings  did  not 
"drift"  during  the  test  period.  Therefore,  these  readings  were  repeated  at 
the  end  of  each  test  run.  The  method  of  data  reduction  Is  presented  in 
Appendix  B. 
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DISCUSSION  OF  RESULTS 


The  results  of  this  experimental  Investigation  are  presented  for: 

(1)  the  maximum  modified  thrust  augasntation  ratio  versus  pri¬ 

mary  nossle  pressura  ratio  P0/paab‘  4  coaparison  between  the 
theoretically  predicted  and  the  experimentally  determined  ^  ;  (3)  a  compar¬ 
ison  between  values  of  thrust  force  on  mixing  chamber  determined  from 
direct  force  measurements  and  those  determined  from  the  Integrated  momentum 
measurements  at  the  diffuser  exit;  (4)  a  typical  velocity  distribution  at 
the  exit  of  the  mixing  chamber,  computed  and  measured;  (5)  a  typical 
velocity  distribution  at  the  diffuser  exit,  computed  and  measured;  and  (6) 
typical  wall  pressure  distributions  for  the  mixing  chamber  and  diffuser. 

Thrust  Augmentation  Ratio  versus  Primary  Nottla  Pressure  Ratio 

Figure  13  shows  the  loci  of  the  maximums  of  $2  versus  the  primary 
nossle  pressure  ratio.  The  number  shown  in  Figure  13  adjacent  to  the  data 
point  refers  to  the  run  number  listed  in  Table  1.  This  curve  was  derived 
from  a  set  of  parametric  performance  curves  in  Figure  14  for  X-  40,  AR  - 
1.33,  (L/D)overali  "  6*09  and  a  single  jet  converging  primary  nossle.  The 
first  data  point  in  Figure  13  is  for  ^ •  1.66  at  a  pressure  ratio  of  1.67, 
which  was  the  pressure  ratio  used  in  the  design  of  the  test  ejector.  The 
next  maximum  occurred  at  a  higher  value  of  $2  when  the  pressure  ratio  was 
increased  to  2.21.  The  peak  in  preached  1.88  at  the  tested  pressure  ratio 
of  2.61.  Any  further  increase  in  pressure  ratio  resulted  in  a  decrease  of 

♦2- 

The  Parametric  performance  curves  in  Figure  14  show  that  at  low 
pressure  ratio,  $2  increased  as  the  boundary  layer  suction  was  increased. 
Initially,  an  increase  in  PQ  #ux  led  to  an  increase  of  mass  entrainment 
ms^and  an  Increase  in  mass  flow  rate  Ag  at  the  ejector  exit.  The  value 
of  ms^  continued  to  Increase  with  further  increase  in  suction,  but  me 
decreased.  For  each  primary  nossle  plenum  pressure  P0,  there  is  a 
maximum  value  of  momentum  at  the  ejector  exit.  The  change  of  suction 
percentage  values  for  peaks  of$2  at  different  pressure  ratio  P0/Famb  does 
not  exhibit  a  simple  trend  due  to  the  definition  of  ^ ,  which  reflects  not 
only  the  performance  of  the  ejector  but  also  that  of  the  auxiliary  ejector; 
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for  example,  at  ^  /P^  -  1.67,  (  42  W  occurred  at  13-percent  auction. 

Whan  P0/panb  Increased  to  2.21,  however,  tha  (  *2 1^  occurrad  at  7-percent 

suction,  and  at  P  /P^  -  2.61,  (  Wx  occurred  at  5. 7-parcant  auction. 

Further  lncraasa  In  pressure  ratios  to  valuas  of  3.02  and  3.47  resulted  In 
the  shifting  of  peaks  to  6  and  6.5-parcent  respectively. 

Three  of  the  five  parametric  curves  shown  in  Figure  14  were  repeated 
with  an  eight-jet  converging  noxsle;  otherwise  the  test  conditions  were  un¬ 
changed.  This  noxsle  has  a  total  exit  area  of  0.153  In2,  while  the 
single-jet  noxsle  has  an  exit  area  of  0.146  In2.  Although  It  wan 
Intended  to  have  two  nossiee  with  tha  sane  axlt  area,  fabrication  diffi¬ 
culties  casued  a  slight  dlfferenca.  Figure  15  shows  the  loci  of  the  peaks 
of  *2,  *nd  Figure  14  thaws  the  pareeetrlc  performance  curves.  The  curve  in 
Figure  15  Is  substantially  lower  than  that  in  Figure  13.  Tai^  has  shown 
potentially  that  cn  annular  noxsle  would  have  a  higher  thrust  augmentation 
iStio,  The  present  Investigation  did  not  demonstrate  this  potential.  It 
is  believed  that  blockage  of  the  center  passage  at  the  ejector  Inlet 
should,  In  part,  account  for  the  deficiency. 

Figure  17  shows  the  loci  of  (  Mx  versus  the  pressure  ratio  PQ/Panit) 
for  cu  ejector  hsving  *  ■  40,  AR  •  1.46,  (L/D)ovftrall  of  and  •  single - 

jet  nozsli*.  In  fact,  the  same  mixing  chamber  was  used  in  the  ejector  as 
that  presented  in  Figure  13.  Curves  shown  in  Figures  14  and  18  are 
siollar.  The  entrained  mass  flow  msj,  In  general,  is  slightly  higher  for 
the  elector  with  AR  "  1.46  than  /or  tha  one  with  AR  -  1.33.  The  peak 
values  of  the  exit  mc-Aentua,  however,  were  slightly  lower  for  t bn  former 
than  the  latter.  The  primary  flows  ip-of  the  auxiliary  ejector  for  both 
diffusers  were  approximately  the  same;  while  the  suction  flow  rates  ®auc 
were  higher  In  the  unit  hsving  AR  ■  1.33  than  In  the  one  with  AR  ■  1.46 
because  a  lower  vacuum  existed  across  the  suction  slot  In  the  diffuser 
having  AR  -  1.33.  It  Is  apparent  that  for  the  same  ejector  exit  momentum, 
a  diffuser  with  the  smallest  area  ratio  should  be  used.  For  AR  »  1.46,  a 
value  of  (^raax  etlu*1  to  1,91  occurred  at  a  P0/Pamtj  value  of  2.6 ,  The 
design  pressure  ratio  was  1.67.  Figures  19  and  20  are  results  for  an 
ejector  of  AR  -  1.46,  (L/D)overall  -  6.16  with  an  eight-jet  primary  noxxle. 
The  value  of  ■  1.64  occurred  at  P0/pamb  “  2*4* 
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figure  21  shows  the  loci  of  (42  Lx  *"  eech  tested  pressure  retlo 
pc/pa»b  *or  *“  •J*ctor  x  *  20 ,  At  ■  1.26,  (WD^y#tai^  "  6.02  end  e 
single-jet  notsle.  This  nixing  chenber  cross -sectional  area  is  onehalf  of 
that  of  the  nixing  chenber  of  the  two  previously  described  ejectors.  The 
peak  of  Figure  21  is  1.60  versus  a  value  of  1.91  for  X  •  40.  Over  a  broad 
range  of  pressure  ratios,  this  ejector  was  able  to  nalntain  a  value  of 
about  1.50.  Figure  22  shows  the  paranetrlc  perfornance  curves  fron  which 
Figure  21  was  derived.  Figures  23  and  24  are  slnilar  to  Figures  21  and  22, 
except  that  and  eight-jet  nos tie  was  used  Instead  of  a  single-  jet  noxxle. 

Rjector  perfornance  versus  pressure  ratios  for  ejectors  with  At  »  2.0 
and  X  -  40  (Reference  3)  were  computed  with  assuned  values  of  fraction  of 
suction,  f.s.,  and  mass  ratio  of  the  auxiliary  ejector  (Ml)^^ .  Using  the 
experimentally  measured  values  of  f.s.,  (MR)  ^  and  vortleity  u  at  the 
diffuser  inlet  and  the  analytical  procedure  of  Tang  and  El-Nashar,*  three 
performance  curves  (one  for  each  ejector  tested)  were  obtained.  Figure  25 
shows  these  curves  of  predicted  $2  versus  pressure  ratio  p0^paxah*  T>1®  die” 
crete  points  are  experinental  data.  In  essence,  this  conparison  reflects 
the  validity  of  the  global  analysis  developed  by  Yang  and  N tone 3  and  the 
refined  rotational  flow  analysis  developed  during  the  present  experimental 
investigation.  Good  agreement  is  observed  between  the  analytically  com¬ 
puted  and  the  experimentally  observed  ^  values  over  a  major  part  of  the 

po/pamb  ran8®. 


Thrust  Augmentation 

The  thrust  of  the  type  of  ejectors  studied  in  this  investigation  is 
the  integrated  force  at  the  ejector  exit.  As  stated,  the  values  of  this 
force  were  obtained  using  two  approaches:  (1)  the  difference  between  the 
momentum  at  the  ejector  exit  and  the  momentum  at  the  primary  nozzle  exit 
and  (2)  the  direct  force  measurement  using  the  strain  gage  arrangement  (see 
section  on  Instrumentation  and  Apparatus).  Figures  26  through  31  show  com¬ 
parisons  of  the  Integrated  forces  determined  from  the  two  different 
approaches  for  ejectors  with  AR  ■  1.26,  AR  -  1.33  and  AR  ■  1.46.  Again, 
the  number  shown  in  the  above  figure  adjacent  to  each  data  point  refers  to 
the  run  number  listed  in  Table  1.  A  majority  of  the  data  points  fall  on  a 
line  of  45  deg.,  but  are  displaced  up  to  0.3  lb  to  give  higher  values  of 
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thru Mt  derived  from  thr.  momentum  measurements.  It  la  believed  that  tha 
experimental  apparatus  was  not  totally  fraa  to  move  bafora  tha  cantllavar 
arm  of  tha  mixing  chamber  came  into  contact  with  tha  notion  atop.  Thar a 
appears  to  ba  a  small  but  a/atataatical  error  in  tha  strain  gaga  forca 
measurements  lntroducad  by  tha  presence  of  tha  auction  manifold  of  tha 
auxiliary  ajactor.  Allowing  for  this,  tha  thruat  datarminad  from  tha  two 
approahcaa  ahowa  good  coralation  with  moat  of  tha  data  in  tha  low  and 
medium  taatad  praaaura  ration  of  Pq/P  Greater  deviations  warn  observed 
la  tha  high  praaaura  range  for  aultl-jat  ooaala  teat  runs.  Thin  Increaaed 
deviation  could  ba  due  to  *he  atatic  praaaura  acroaa  tha  mixing  chamber 
inlet  not  being  conatant  aa  waa  aaaumed. 

Velocity  Dlotrlbutiona 

Figure  32  ahowa  two  typical  normalised  velocity  distributions.  Tha 
distribution  indicated  by  the  solid  line  was  obtained  using  tha  DTNSRDC 
coaputar  program  of  Tal.*  Experiment ally  measured  mass  ratio  MR  and 
praaaura  ratio  PQ/P  b  wore  used  aa  inputs  for  this  computation.  This  mix¬ 
ing  chamber  exit  la  located  4.82  diameters  downstream  from  its  inlet.  The 
velocity  distribution  shown  by  discrete  points  waa  obtained  using  a  minia¬ 
ture  Kial-probe  and  a  atatic  pressure  probe.  Basic  features  of  a  shear 
flow  were  observed  In  both  profiles.  Because  of  tha  alas  of  tha  probes,  no 
measurements  were  taken  closer  than  1/16  In.  from  the  wall.  Tha  uortldty 
values  derived  from  the  measured  velocity  are  about  10  percent  higher  than 
those  derived  from  the  computed  distribution  at  P0/Paab  *  1.67,  Good 
agreement  In  vortlcity  values  was  observed  at  higher  pressure  ratios.  Fif¬ 
teen  sets  of  velocity  distribution  were  examined  for  this  Investigation. 

In  static  pressure  measurements  the  centerline  pressure  usually  was  1.0  to 
2.0  in.  of  water  lower  than  that  at  the  wall. 

The  velocity  measurements  at  the  exit  of  the  mixing  chamber  provided 
information  for  correcting  vortlcity  u  in  computing  diffuser  exit  velocity 
for  the  rotational  flow  analysis.  The  velocity  measurements  also  provided 
an  Independent  source  from  which  the  entrained  flow  rate  mgj  was  deter¬ 
mined.  Figures  33  and  34  provide  similar  information  for  ejectors  having 
AR  values  of  1.46  and  1.26,  respectively. 
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Figure  35  thews  s  typical  exit  velocity  distribution  for  an  ajmetor 
having  AA  -  1.33.  Tha  solid  line  curve  la  the  computed  velocity 
distribution  using  ths  ra fined  rotational  flow  analysis;  Saa  Appendix  A. 

The  feature  of  shear  floe  is  preserved  in  both  the  toaputad  and  the 
experimentally  aeasured  velocity  diattfibu  cions •  Steady  flow  prevailed  over 
the  entire  teat  ranges  of  p0  and  p0(*ax. 

The  velocity  aeasureaants  at  the  diffuaar  exit  provided  hay  eleaants 
of  data  for  evaluation  of  thrust  augmentation  ratio  ^  ease  flow  rate 
m,,  and  aass  flow  ratio  MR.  The  Ml  IP  defined  at  m%1/»p,  and  the  entrained 
aasa  flow  rate  Sgi  was  determined  fro# 


Then, 


*  i  i  t  j 

m  ,  *  m  +»  „  -  a 
si  e  sue  p 


sue 


a  -  m  , 

a.aux  p 


Independent  checks  on  m^  wars  mode  using  the  equation 


The  values  of  m^  as  determined  fron  chase  two  independant  approaches 
differed  by  no  more  than  4  percent;  there  fora,  the  Mr  values  ere  considered 
to  be  accurate  within  4  percent. 

Figure  36  shows  the  typical  velocity  distribution  of  the  ejector  having 
AR  ■  1.46.  In  this  figure,  the  maaaured  velocity  distribution  shows  a 
alight  asymmetric  nature  of  the  flow.  During  Che  cast  a  certain  degree  of 
unsteadiness  was  obssrved  in  a  small  region  near  ths  left  side  of  the 
diffuser  wall.  Figure  37  shows  ths  slsilpr  Information  for  the  ejector 
with  AR  *  1.26.  Steady  flow  prevailed  in  this  ejector  over  aost  of  the 
operating  ranges  of  PQ  and  P Q ^ aux»  except  when  P0  *round  30  psig.  In 
all  three  figures  the  measured  peak  valocltles  fall  below  the  computed 
values.  During  the  test,  unusual  velocity  distributions  were  observed  both 
at  the  exit  of  the  mixing  chamber  and  at  the  exit  of  th«  diffuser  for  the 
ejector  with  AR  ■  1.26  and  X  -  20  when  the  primary  nossle  plenum  pressure 
was  set  between  a  narrow  range  of  30  to  31  psig.  These  profiles  are 
presented  in  Figures  38  and  39. 
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Wall  Pressure  Distribution! 


Figure  40  shows  the  typical  Matured  and  computed  pressure  distribu¬ 
tions  along  Che  dlffuaer  wall  for  aa  ejector  having  AR  ■  1.33.  The  eon- 
puted  presaure  distribution  used  Che  coaputar  program  of  Tai*  for  the 
mixing  chamber  portion  and  the  Bernoulli  equation  In  conjunction  with  the 
wall  velocity  from  rotational  flow  analysis  for  the  dlffuaer  portion.  The 
wall  presaure  readings  throughout  the  ejectors  were  below  ambient  pressure. 
The  atatlc  pressure  at  the  end  of  the  bell  isouth  was  used  aa  the  normalis¬ 
ing  factor.  The  coaputed  pressure  level  within  the  nixing  chamber  wee 
significantly  lower  than  the  Masured  level.  Within  the  ’if fuser  favorable 
presaure  gradients  were  prescribed  Initially  to  the  solid  wall  portion 
(upstraaa  and  downstream  of  the  suction  slot)  of  the  diffuser  designed  with 
the  irrotational  flow,  inverse  design  program.  The  rotational  flow  compu¬ 
tation  also  predicted  favorable  pressure  gradients.  Owing  to  the  fact  of 
low  diffuser  area  ratio,  attached  flows  were  maintained  even  though  the 
experimental  data  exhibited  deceleration  both  upstream  and  downstream  of 
the  suction  slot. 

Figures  41  and  42  show  the  wall  pressure  distributions  for  ejectors 
with  AR  -  1.46  and  1.26,  respectively.  In  spite  of  a  seemingly  over¬ 
deceleration  exhibited  immediately  upstream  of  the  suction  slot  of  the 
ejector  with  AR  -  1.26,  no  apparent  flow  separation  was  observed.  The 
attached  flow  may  be  attributed  to  the  low  AR  value.  In  Figures  40,  41, 
and  42,  the  feature  of  sudden  pressure  rise  across  the  suction  slot  was 
also  preserved  in  the  measured  pressure  distribution. 

CONCLUSIONS  AND  RECOMMENDATIONS 

It  is  noteworthy  that  the  peak  values  of  the  thrust  augmentation 
($2>nax  1.91,  1*89  and  1.62  for  x  •  40,  (WD)overall  -  6.16 

and  6.09  and  for  A  -  20,  (L/D)QVerall  *  6.02,  respectively.  Higher  values 
of  ($2 an8  shorter  overall  length-to-diameter  ratios  are  believed 
to  be  possible  with  further  improvement  of  the  auxiliary  ejector. 
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The  computation  and  measurements  of  (<t>2  versus  PQ  /Pafflb  for  each  of 
the  three  ejectors  are  in  good  agreement.  The  differences  are  attributed  to 
the  analytical  assumptions  that  (1)  uniform  and  ambient  static  pressure 
prevailed  at  the  ejector  iilet,  (2)  uniform  static  pressure  existed  at  the 
diffuser  inlet,  and  (3)  the  flow  was  lnvlscid  in  these  diffusers.  The  error 
introduced  by  the  assumptions  of  uniform  and  ambient  static  pressure  was 
more  pronounced  when  the  ejectors  were  operated  at  higher  levels  of 
Po/Painb  ratios,  where  the  entrained  velocities  were  high.  The  deviations 
between  the  measured  thrust  on  the  mixing  chamber  and  that  calculated  from 
the  momentum  considerations  are  larger  at  higher  P0/P  flmy,  levels.  Relaxing 
these  analytical  assumptions  would  increase  the  cost  of  computation 
considerably.  The  estimated  maximum  possible  error  in  tne  measured  (<t>?  ^lflX 
is  +5  percent  of  the  values  presented.  The  predicted  pressure  distributions 
along  the  diffuser  wall  deviated  from  the  measured  values,  particularly  near 
the  suction  slot.  Improvement  in  uhe  rotational  flow  computation  is 
needed. 

It  is  envisioned  that  ejectors  of  the  type  tested  would  have  potential 
application  to  flight  controls  such  as  yawing  and  rolling  of  V/STOL  air¬ 
craft.  In  this  application,  the  overall  length  of  the  ejectors  perhaps 
should  be  further  reduced. 

During  the  project,  it  became  apparent  that  a  computer  code  for  an 
inverse  solution  of  rotational  flow  to  design  the  diffuser  would  be  highly 
desirable,  particularly  to  further  improve  (^max* 

The  auxiliary  ejector  of  the  test  model  and  the  ducting  used  in  this 
investigation  could  be  designed  more  compactly.  The  original  concept  of 
using  an  annular  auxiliary  ejector  was  abandoned  halfway  through  the  project 
because  of  the  unsuccessful  operation  of  the  diffuser  with  an  area  ratio  of 
2.2.  It  is  highly  probable  that  the  annular  auxiliary  ejector  could  have 
worked  for  a  diffuser  with  an  area  ratio  of  1.33  or  1.26. 

Further  recommendations  are  to: 

1-  Establish  a  computer  code  of  inverse  rotational  flow  for  the 
diffuser  design  to  simplify  the  computational  procedure  and  to 
optimize  the  ejector  momentum  output. 

2.  Refine  the  auxiliary  ejector  design  to  further  improve  the  per¬ 
formance. 
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Prescribe  C  value  of  the 
mixing  chamber  contraction 

x2 

^^in, mixing  chamber  “  C  t*nh  {  5  ^ 

0| 

1 

"DTNSRDC  Program" 
Computation  up  to 
mixing  chambar  exit 


Average  temperature  and 
velocity  and  pressure 
at  mixing  chamber  exit 


Compute  diffuserd  areads  ratio  AR. 

Go  to  "Inverse  Design  Program" 
and  "Rotational  Plow  Calculations" 


Calculate  critical  velocity  Ucr 
and  suction  flow  rate 


Calculate  thrust  augmentation 
ratio  $2  using 
"Global  Analysis" 


Correct  $2  for 
non-uniform  flow 


Figure  1.  Block-diagram  showing  the  major  steps  in  ejector  analysis 


Figure  2.  Geometry  of  ejector  with  diffuser  ares  ratio 

of  2.2,  A  -  40,  (L/D)QVerall  -  5.26  and  16  jets 
for  auxiliary  ejector. 


boundary  layer 
removal 


Figure  3.  Geometry  of  ejector  with  diffuser  area  ratio 
of  1.33,  \  -  40,  (L/D)overaU  -  6.09. 

(Inserts  were  replaced  to  form  diffuser  area 
ratio  of  1.46,  *  -  40  and  (L/D)0/erall  "  6.16. 


Figure  6.  Eight-jet  converging  noxale. 


primary  flow  for 
auxiliary  ejector, 
16  jets 


mixing  chamber  of 
annular  auxiliary 
ejector 


Figure  7.  Sixteen-jet  annular  auxiliary  ejector. 
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Figure  10.  Overall  view  of  the  ejector  performance  test  setup 


Figure  11.  Front  view  of  the  nixing  cheaber  test  rig  for 
diffuser  inlet  velocity  profile. 


Figure  12.  Top  view  of  the  auxiliary  ejector  test  rig 
for  optimizing  nozzle  diameter. 


number  listed  In  Table 


number  listed  in  Table 


♦Number  adjacent  to  data  point 
refers  to  run  number  listed  In  Table 


*  Number  adjacent  to  4»'.a  point 
refers  to  run  number  listed  in  Table 
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Figure  26. 


Calculated  Thrust  on  Mixing  Chamber  From 
Momentum  Data  («/>  - 1 )  (mv )  j ,  lbf 

Comp erl eon  of  measured  and  computed  thrust  on  nixing 
chamber,  AR  "  1.26,  X  “  20,  single-jet  nozzle. 


I  ,0 


,  Corrected 


1.0  20  30  40  50 

Calculated  Thrust  on  Mixing  Chamber  From 
Momentum  Data  (<£-l)(mv)j , lbf 


Figure  27.  Comparison  of  measured  and  computed  thrust  on  mixing 
chamber,  AR  ■  1.26,  X  -  20,  eight-jet  nozzle. 
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Momentum  Data  (^>-l)(mv)j  ,lbf 


Figure  28.  Comparison  of  measured  and  computed  thrust  on  mixing 
chamber,  AR  -  1.33,  A  ■  40,  single-jet  nozzle. 


Calculated  Thrust  on  Mixing  Chamber  From 
Momentum  Data  {<£  - 1 )  (mV )  j ,  Ibf 

Figure  29.  Comparison  of  measured  and  computed  force  on  mixing 
chamber,  AR  ■  1.33,  A  «  40,  eight-jet  nozzle. 


Calculated  Thrust  on  Mixing  Chamber  From 
Momentum  Data  (<£-l)(mv)j  ,  Ibf 


Figure  31 .  Comparison  of  measured  and  computed  thrust  on  mixing 
chamber,  AR  -  1.46,  X  -  40,  eight-jet  nozzle. 
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Figure  34.  Typical  velocity  distributions  Figure  35.  Typical  velocity  distribute 

at  the  mixing  chamber  exit,  the  diffuser  exit,  computed 

computed  and  measured.  AR  ”  measured.  AR  **  1.33,  X  »  4< 

1.26,  X  -  20. 


Figure  36.  Typical  velocity  distributions  Figure  37.  Typical  velocity  distribution  at 

at  the  diffuser  exit,  computed  the  diffuser  exit,  computed  and 

and  measured.  AR  -  1.46,  A  -  40.  measured.  AR  -  1.26,  A  -  20. 
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Figure  40.  Comparison  of  mixing  chamber  and  diffuser  wall 

pressure  distributions,  measured  and  computed  AR 
1.33,  X  -  40. 
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Figure  41.  Comparison  of  mixing  chamber  and  diffuser  wall 

pressure  distributions,  measured  and  computed  AR 
1.46,  X  -  40. 


APPENDIX  A 

A  REFINED  ROTATIONAL  FLOW  ANALYSIS 


In  view  of  Che  experimental  difficulties  encountered  during  the  testing 
of  an  axisymmetric  ejector  designed  (according  to  the  theoretical  considera¬ 
tions  of  Reference  1)  for  a  mass  ratio  MR  *  12  and  with  an  inlet  secondary  to 
primary  area  ratio  X  ■  40,  it  became  apparent  that  a  modification  of  the  dif¬ 
fuser  analysis  to  account  for  the  change  of  vorticity  along  the  streamlines 
was  necessary.  In  this  analysis,^  the  governing  equations  of  a  rotational 
flow  of  constant  vorticity  at  the  inlet  of  a  diffuser  are  derived.  An 
auxiliary  finite  difference  calculation  is  used  to  predict  the  flow  behavior 
at  the  diffuser  exit.  In  addition,  the  theoretical  basis  for  a  computer 
program  analyzing  a  flow  within  a  diffuser  designed  with  potential  flow  theory 
and  receiving  a  rotational  flow  of  constant  vorticity,  is  outlined 

Governing  Equations 

The  flow  under  consideration  is  assumed  to  be  incompressible  and  axially 
symmetric.  For  the  particular  case  of  a  Griffith  diffuser  designed  with  irro- 
tatlonal  flow  theory,  it  is  further  assumed  that  viscosity  effects  can  be 
neglected  if  deceleration  can  be  avoided  along  the  diffuser  wall.  Under  these 
circumstances,  the  governing  equations  for  the  fluid  motion  are: 


1.  Continuity: 

For  a  cylindrical  coordinate  system  in  which  x  is  the  axial  coordinate 
and  r  Is  the  radial  coordinate,  the  continuity  equation  is 


3u  3u  u 

_ x  _ r  _r 

3x  3r  r 


0 


(1) 


where  ux  and  ur  are  the  axial  and  radial  components  of  velocity,  respec¬ 
tively.  Equation  (1)  leads  to  a  stream  function  'P  defined  by 


u  = 

X 


1  3^ 
r  3r 


=  -  and 


u  = 
r 


1  3£ 
r  3x 


(2a,  b) 


2.  Vorticity: 

The  vorticity  vector  to  is  defined  by 
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(3) 


u 


X  u 


where  u  is  the  velocity  vector.  Ia  the  case  of  an  axisymmetrlc  noaswirl  flow, 
the  tangential  component  of  "5  is  sero,  and  no  derivatives  are  considered  in 
the  tangential  direction.  Therefore,  Equation  (3)  reduces  to 


3u  3u 

m  -  _ r  _  x  (4) 

3x  ~  3r 


Notice  that  the  right  side  of  Equation  (4)  is  just  the  tangential  component  of 
u>,  and  the  vector  notation  can  be  dropped.  Substitution  of  (2, a)  and  (2,b) 
into  (4)  yields 


2  2 
■  3  » 


1  a.i. 


(5> 


Equation  (5)  is  the  equation  of  motion  to  be  solved.  At  the  diffuser 
inlet  u  is  constant  and  known  (u>  -  at  inlet);  it  varies  along  a 

streamline,  and  is  therefore  unknown  in  most  parts  of  the  diffuser.  Figure  A1 
8 hows  a  fluid  element  of  area  A  contained  in  a  meridian  plane.  That  element 
of  area  moves  with  the 


Figure  A1 .  Fluid  element  at  two  positions. 

flow,  and  the  circulation  around  it  is  .  The  circulation  does  not 

change  when  AA2  reaches  position  2,  and  therefore, 

u)^AAj  =  i^AA,,  (6) 
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For  an  incompressible,  axisymmetrlc  flow, 


rl“l  ■  r2M2 

(7) 

“l  “2  u 

constant 

rl  r2  r 

(8) 

Equation  (8)  gives  the  relationship  between  the  vorticlty  at  an  Inlet  point 
and  values  of  vorticlty  at  any  downstream  point  cm  the  same  streamline. 


Boundary  Conditions 

Solving  Equation  (5)  requires  knowledge  of  boundary  conditions  at  the 
Inlet,  the  exit,  along  the  centerline,  and  along  the  walls  of  the  diffuser. 

1.  Inlet:  The  flow  at  the  inlet  is  assumed  to  be  parallel.  Therefore, 
ur  is  zero  and  (2a)  can  be  integrated  to  yield: 


* 


1 

2 


u 

X 


(x=0,  r«0) 


1 

3 


oj.r. 

l  i 


(9) 


\ 

where  u^x-O,  r-0)  is  the  centerline  velocity  at  the  inlet,  and 
r^  is  any  radius  at  the  inlet,  is  the  inlet  value  of  vorticlty, 
which  la  constant. 


2.  Centerline:  An  equation  governing  the  changes  in  vorticlty  can  be 
written  as: 


Du  \ 
Dt  "  r 


(10) 


Symmetry  considerations  suggest  that  ur  “  0  at  the  centerline. 
Therefore,  u  is  a  constant  along  the  centerline  and  equal  to 
Also,  <l>  Is  zero  there. 


3.  Along  the  upstream  wall:  From  Equation  (9),  tj;  can  be  calculated  at 
each  inlet  location  including  the  wall.  Along  the  upstream  wall 
(upstream  of  stagnation  point  of  the  suction  slot),  'I'  is  constant  and 
equal  to  the  inlet  value.  Also,  u  can  be  calculated  as: 

U). 

u  =  •  r  (11) 

r 

w,i 
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where  ?v,i  *■  the  inlet  rediue  et  the  well* 

4.  Along  the  downstream  wells  If  the  fraction  of  auction  f.s.  is 
specified,  then  can  be  specified  along  the  downstream  wall  as 


*  ■  ■  Vi (1  - 


where  ip  .  is  obtained  from  (9).  However,  because  the  coordinates  of 
w,  i 

streamlines  other  than  those  of  the  diffuser  walls  are  not  known, 
cannot  be  calculated  in  a  straightforward  manner.  The  following 
sections  show  how  these  w's  can  be  found,  and  how  boundary  conditions 
at  the  diffuser  exit  can  be  calculated. 


Auxiliary  Analysis  to  Calculate  Exit  Boundary  Conditions: 


With  the  knowledge  of  the  inlet  radius  of  the  diffuser,  its  area  ratio 
AR,  and  f.s.,  it  is  possible  to  predict  the  flow  conditions  at  the  diffuser 
exit,  provided  that  the  flow  is  parallel  at  the  exit.  The  scheme  in  Figure  A2 
overcomes  the  difficulty  resulting  from  the  fact  that  the  coordinates  of  the 
streamlines  are  not  all  known,  and  that  is  not  constant  at  the  exit  (which 
makes  Equations  (8)  and  (11)  inapplicable). 


Figure  A2.  Exit  boundary  conditions. 

Consider  Figure  A2,  where  selected  streamlines  along  the  diffuser  are  shown 

Subscript  ”st”  denotes  conditions  on  the  streamline  corresponding  to  the 

stagnation  point.  From  Equation  (9),  with  ip  “  ip  ■  <|j  ,  r  .  can  b® 

sc , e  sc  st  y  l 


calculated.  Then  _  is  obtained  as 


Now  consider  Equation  (4)  which  for  a  parallel  flow  becomes : 


or  In  difference  form 


3u 

oi  -  -  _ x 

3r 


Au^  ■  wAr 


(13) 


If  r  is  selected  small  enough.  Equation  (13)  can  be  used  to  estimate 
Ug'g  (with  an  assumed  Uy  w  e)  as  , 


u  ■  u  +  oi(r  -  r  ) 

x,e  x,w,e  v  st  e' 


Now,  Equation  (2a)  can  be  written  in  difference  form  as 


Aip  ■  r  u  Ar 
x 


which  allows  estimation  of  as 


♦e  *  *,t.»  -  <ru*>ave  (rst,e  '  re> 


(14) 


Equation  (9),  with  »  <Pe,  can  be  used,  to  solve  for  r^,  and  ue  can  be 
calculated  from 


<*) 


r 


"taking  another  step  r  at  the  exit,  the  above  procedure  is  then  repeated. 

Equation  (13)  is  used  to  calculate  a  new  Ux>e>  and  Equation  (14)  is 
used  to  calculate  a  new  ijie,  etc.  The  calculation  ends  when  re  ■  0.  How¬ 
ever,  since  u  was  an  assumed  value,  the  values  of  u  ,  oi  ,  and  ii> 

x,w,e  x,e  e  e 

obtained  at  the  end  of'  the  calculation  are  not  necessarily  correct.  They  are 
correct  only  for  that  particular  value  of  u^  w>e»  which  yields  ipe  ■  0  at  the 
centerline  (re  ■  0).  Therefore,  an  iterative  procedure  is  necessary  to 
obtain  that  value. 


Flow  Reversal  in  Inviscid  Flow 

One  of  the  objectives  of  this  analysis  has  been  to  explain  some  experi¬ 
mental  observations  suggesting  the  existence  of  a  reverse  flow  in  :he  diffuser 
near  the  wall  when  large  values  of  vorticity  are  present  at  the  diffuser  in¬ 
let.  In  Figure  A3,  the  results  from  the  auxiliary  analysis  are  presented. 

For  an  area  ratio  of  2.2  and  an  inlet  nondimensional  vorticity  w  ■  0.72,  the 
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analysis  predicts  a  reverse  flow  near  the  wall,  even  though  the  flow  is 
invi8cid.  The  aagnltude  of  the  reverse  flow  increases  as  the  suction  rate 
increases,  which  is  an  undesirable  situation.  Table  A1  gives  u^, 
obtained  for  various  values  of  AR,  and  f.s.  For  the  same  area  ratio  the 
value  of  the  velocity  at  the  wall  decreases  when  or  f.s.  Increases.  Also 
for  the  saae  and  f.s.,  ux>tt>e  increases  when  AR 
decreases. 

Overall  Diffuser  Analysis 

As  mentioned  earlier,  the  above  scheme  only  suffices  to  determine  along 
boundaries.  But  in  order  to  solve  Equation  (5),  it  is  necessary  to  know  the 
values  of  w  in  the  entire  diffuser.  Since  they  are  unknown,  an  Iterative 
scheme  was  devised  as  follows: 

1.  Assume  that  is  constant  (u  •  in  the  diffuser,  except  along  the 
boundaries  where  w  is  known. 

2.  Solve  Equation  (5)  with  the  known  boundary  conditions  on  \J>  (boundary 
conditions  at  the  slot  exit  are  obtained  the  same  way  as  those  at  the 
diffuser  exit). 

3.  Knowing  <p  at  each  point  inside  the  diffuser,  Equation  9  may  be  used 
to  calculate  for  each  point  (the  inlet  vs  ..ue  of  r  corresponding 
to  the  value  of  ip  at  that  point).  This  ensures  that  the  calculated 
inlet  point  is  on  the  same  streamline  as  the  interior  point.  The 
vortlclty  at  the  interior  point  is  then  obtained  by 

U). 

i 

oi  =  —  r 
r . 

,  i 

4 .  With  the  new  values  of  u>,  go  back  to  step  2 ,  the  procedure  is 
repeated  until  the  difference  between  the  old  and  new  values  of 
becomes  suitably  small. 
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APPENDIX  B 


METHOD  OF  DATA  REDUCTION 

The  primary  information  aought  in  thia  inveatigation  ia  the  modified 
thrust  augmentation  ratio  Thia  parameter  ia  defined  aa: 


n 

E 

i-1 


l  (m  v.)  +  l  (A.v.) 

1  i  e  v  i  1  e , aux 


A  v  +  A  .v  „ 
P  P  P  P 


where  iu  and  are  the  mass  flow  rate  and  velocity  at  1th  location. 

The  subscripts  e  and  e,aux  stand  for  ejector  exit  and  auxiliary  ejector 
exit.  The  terms  dp  and  dp'  are  the  primary  mass  flow  rates  of  the 
ejector  and  the  auxiliary  ejector,  respectively.  The  velocities  vp  and 
vp -  are  for  the  primary  flows  of  the  ejector  ana  the  auxiliary  ejector, 
respectively. 

The  thrust  augmentation  ratio  was  calculated  from  the  conventional  defi¬ 
nition  as:  n 


♦  = 


i=l 


(Vi>e 


A  v 
P  P 


The  various  parameters  used  in  these  equations  were  determined  as  follows: 

1.  The  mass  flow  Ap  was  determined  from  turbine  flow  meter 
frequency,  meter  calibration  constant  and  the  density  of  air  at 
the  measured  static  pressure  and  temperature. 

The  mass  flow  Ap-  was  determined  from  the  pressure  differential 
of  the  flow  meter,  meter  calibration  constant  and  the  density  of 
air  at  the  measured  static  pressure  and  temperature. 

2.  For  Vp,  the  Mach  number  of  the  flow  at  the  exit  of  the 
converging  nozzle  was  calculated  from  the  ratio  of  the  measured 
exit  static  pressure  to  plenum  pressure  (when  this  ratio  is  larger 
than  the  ratio  for  Mach  number  of  one).  Then  the  sonic  speed  was 
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determined  from  the  etetic  teepereture  of  the  air  et  the  nossle 
exit  derived  froe  the  measured  plenum  teepereture  for  on  isen- 
troplc  proceee.  Finally,  vp  wea  calculated  from  the  Mach  umber 
and  the  apeed  of  eound.  When  the  preaeure  ratio  la  equal  to  or 


aaaller  than  the  ratio  for  flow  to  reach  aonlc  apeed,  Vp  vaa 
aaaueed  to  be  the  aonlc  apeed*  Similarly  the  vaa  determined • 
For  evaluating  the  term 

n 


t 

1-1 


the  ejector  exit  momentum  and  the  exit  maaa  flux  b,  were  deter¬ 
mined  from  stagnation  and  atatlc  preaeure  aeaaurenanta  at  20  loca¬ 
tions  acrea8  the  exit.  From  the  ratio  of  the  atatlc  to  atagnatlon 
pressure,  the  local  Mach  number  was  determined.  The  exit  atatlc 
temperature  was  derived  from  the  weighted  atagnatlon  temperatures 
of  the  primary  and  the  secondary  flows  of  the  ejector,  from  which 
the  local  speed  and  density  were  determined.  These  20  locations 
representing  10  equal  areas  (one  circle  and  nine  rings)  were 
weighted  equally  to  yield  the  total  mass  flux  and  momentum  flux. 
For  evaluating  the  term  ffl 

E  (m.v  ) 

1  1  e,aux 

the  auxiliary  ejector  exit  momentum  and  the  mass  flow  rate  m 
were  determined  In  a  similar  manner  except  that  the  exit  static 
pressure  was  assumed  to  be  the  ambient  pressure,  the  total 
temperature  was  room  temperature  for  both  primary,  and  secondary 
flow,  and  14  locations  were  used  Instead  of  20  locations. 

In  addition  to  the  above,  other  Information  regarding  the 
operation  of  the  ejector  were  computed.  These  are:  the  fraction 
of  suction  f.s.  used  in  boundary  layer  control  of  the  ejector 


diffuser,  the  entrained  secondary  flow  m  for  ejector  and  msuc  for 
the  auxiliary  ejector,  the  mass  ratios  MR  and  (*®Oaux»  the 
normalized  static  wall  pressure  distribution  P(x)/|p^|,  and  the 
thrust  force  on  the  mixing  chamber. 
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The  aeae  flow  rate  of  the  entrained  flow  of  the  auxiliary  ejec¬ 
tors  aauc  la  the  fluid  reaoved  fro*  the  dlffuaer  for  boundary 
layer  control  and  waa  determined  from  the  difference  of  *(  #ux  an 
a,*.  The  (MR) .....  waa  calculated  from  the  formula 

p  *UX  I 


The  entrained  aecondary  flow  igi  waa  calculated  ualng  the 
formula 

*  »  ,  e  • 

m  .  ■  Bk  +  D  —  ® 

al  e  auc  p 

An  alternative  method  waa  used  for  croaa  checking  by 

traveralng  the  exit  of  the  mixing  chamber.  In  thla  alternative 

method ,  m8j  waa  determined  from  the  difference  of  the  maaa  flow 

rate  within  the  mixing  chamber  and  the  ejector  primary 

mass  flow  ratio  ip  or 

m  ,  ■  A  —  A 
si  me  p 

The  method  of  computing  ^  la  similar  to  that  used  for 


The  MR,  mass  ratio  of  the  ejector,  was  computed  as: 

A  i 

MR  -  — 

• 

m 

P 

The  suction  fraction  for  boundary  layer  control  was  computed  from 

A 

f  s  -  -sue 

m  +  m  . 
p  si 


The  normalized  wall  static  pressure  distribution,  P(x)/|P}|,  was 
used  in  preliminary  testing  to  scrutinize  the  possible  adverse 
pressure  gradient.  The  first  pressure  tap  is  located  immediately 
downstream  of  the  bell  mouth  inlet,  and  its  gage  pressure  reading 
was  used  as  normalisation  factor. 


8.  Tha  normalised  velocity  distribution  at  tha  nixing  chaabar  axlt 
was  uaad  to  dataralna  tha  vorticity  at  tbs  dlffuaar  Inlat.  Its 
cantarllna  velocity  and  tha  radius  of  tha  dlffuaar  at  tha  lnlat 
wars  usad  as  normalisation  factors  for  velocity  and  llnaar 
dlstanca. 

9.  Tha  thrust  forca  on  tha  nixing  chaabar  was  obtainad  from  a  static 
load  calibration  curva  and  tha  strain  gaga  raading.  A  coaputar 
thrust  forca  FK  basad  on  axlt  aoaantua  was  dataralnad  froa 

tha  formula 


or 


F 

me 


+  ($-1)  a  v 
P  P 


Fmc  -  (♦-l)(av)j 


(Tabla  1) 
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